During embryogenesis motor axons navigate to their target muscles, where individual motor axons develop complex branch morphologies. The mechanisms that control axonal branching morphogenesis have been studied intensively, yet it still remains unclear when branches begin to form or how branch locations are determined. Live cell imaging of individual zebrafish motor axons reveals that the first axonal branches are generated at the ventral extent of the myotome via bifurcation of the growth cone. Subsequent branches are generated by collateral branching restricted to their synaptic target field along the distal portion of the axon. This precisely timed and spatially restricted branching process is disrupted in turnout mutants we identified in a forward genetic screen. Molecular genetic mapping positioned the turnout mutation within a 300 kb region encompassing eight annotated genes, however sequence analysis of all eight open reading frames failed to unambiguously identify the turnout mutation. Chimeric analysis and single cell labeling reveal that turnout function is required cell non-autonomously for intraspinal motor axon guidance and peripheral branch formation. turnout mutant motor axons form the first branch on time via growth cone bifurcation, but unlike wild-type they form collateral branches precociously, when the growth cone is still navigating towards the ventral myotome. These precocious collateral branches emerge along the proximal region of the axon shaft typically devoid of branches, and they develop into stable, permanent branches. Furthermore, we find that null mutants of the guidance receptor plexin A3 display identical motor axon branching defects, and time lapse analysis reveals that precocious branch formation in turnout and plexin A3 mutants is due to increased stability of otherwise short-lived axonal protrusions. Thus, plexin A3 dependent intrinsic and turnout dependent extrinsic mechanisms suppress collateral branch morphogenesis by destabilizing membrane protrusions before the growth cone completes navigation into the synaptic target field.
Introduction
During vertebrate development, motor axons navigate to their muscle targets where they generate elaborate axonal branches that synapse on multiple muscle fibers [1, 2] . In rodents, the number of axonal branches diminishes postnatally via synapse elimination to yield single innervation of adult muscle fibers [1, 2] , while in lower vertebrates such as zebrafish the number of axonal branches remains high, resulting in poly innervation of adult muscle fibers [3] . The processes of motor axon guidance, neuromuscular synapse formation and even synapse elimination have been studied in vivo in great detail using genetic model systems [reviewed in 4, 5, 6] . In contrast the mechanisms that control motor axonal branching morphogenesis, including when branches begin to form and how branch locations are determined, has been studied mostly using cultured neurons and less in developing vertebrate embryos [7] .
The stable, activity independent branching patterns formed during development are the product of branch formation, extension, stabilization and pruning. At the cellular level, branching begins with the localized accumulation of actin, and the de-bundling of microtubules at the nascent branch point, followed by the formation and extension of f-actin rich membrane protrusions into which microtubules subsequently extend [8, 9] . Both f-actin and microtubules are required for branch formation, and loss of either via administration of polymerization inhibiting drugs can suppress the formation of axon branches in vitro without changing axon length [8] . While microtubules stabilize axonal protrusions, several intracellular regulators have been implicated in the transition from axon protrusions into stable branches. These factors include the C. elegans ubiquitin ligase Rpm-1 [10] [11] [12] , and the phosphatidylinositol 3-kinase (PI3K)/protein kinases AKT/ glycogen synthase kinase 3 (GSK3) pathway in dorsal root ganglia neurons [10, 11] .
The stabilization of protrusions into permanent axon branches produces one or more of three common patterns of axon branching. These common axon branching patterns are arborization, which occurs when multiple branches form in the target region at the axon terminal; bifurcation, the process of a growth cone splitting and forming two daughter branches, and collateral formation, which is the formation of branches along the axon shaft distally from the axon terminal [7] . Importantly, individual axons may exhibit a combination of these branching patterns, resulting in elaborate axonal branch morphologies characteristic for many neuronal cell types [13] .
Many extracellular and intracellular molecules, including the axon guidance cues Netrin and Semaphorin 3A, the BDNF regulator Sprouty3, and the cell adhesion molecule cadherin 7 have been shown to influence motor axon branching [14] [15] [16] . For example, in mice, loss of the secreted inhibitory ligand semaphorin 3A results in a more branched dorsal root ganglion innervation [17] . While semaphorin 3A clearly plays a critical role in controlling axon branching, it has remained unclear when during development additional branches are made, whether they were permanent or pruned later, and if and how semaphorin 3D influences these processes. This is due in part due to the difficulties of live cell imaging during mammalian development, and in part due to the difficulties of labeling and imaging of identified, single neurons in vivo, essential to determine if the mutant phenotype is due to defects in frequency of generating protrusions, their extension or their stabilization into permanent branches.
In zebrafish, motor axonal branching patterns generated during embryonic development persist into adulthood, providing a unique system to analyze in live intact embryos the entire dynamic process by which nascent membrane protrusions develop into permanent axonal branches [3] . Here, we focus on the Caudal Primary (CaP) motor neuron, which is the first motor neuron whose axon exits from the spinal cord to pioneer into the ventral myotome, and the first motor neuron to form axonal branches [3] . Using live imaging in intact animals, we characterize the events that lead to an elaborate CaP axonal branching pattern, both via growth cone bifurcation and via collateral branch formation. In wild-type embryos, we uncover a precisely timed and spatially restricted branching process. In mutants of two genes, turnout and plexin A3, we identified in a forward genetic screen, this branching process is disrupted. Detailed analysis revealed a cell non-autonomous function for turnout in regulating motor guidance and axonal branching of all primary motor neurons. We find that turnout is dispensable for branches formed via growth cone bifurcation, and dispensable for total branch number, but that turnout controls when and where collateral branches form. Similarly, we show that the cell-autonomous Plexin A3 receptor controls the onset of CaP primary axon collateral branching as well as the location of the branches. Finally, we demonstrate that both turnout and plexin A3 play critical role for collateral branching by regulating the stability of axonal protrusions.
Results

turnout is a Novel Mutant that Affects Motor Axon Development
In an ongoing genetic screen for recessive mutations affecting motor axon guidance and peripheral branching [18] , we identified a new mutant, p5THBD, which displays severe motor axonal defects. To quantify motor axon defects, we first used an antisynaptotagmin antibody to visualize motor axon trajectories (also known as znp-1) [19] . In 24 hours post fertilization (hpf) wild-type embryos the pioneering primary motor axons have exited the spinal cord through the ventral root located at the center of each spinal hemisegment. From there they extend into the dorsal and ventral myotome, respectively (Fig. 1A) [3] . In contrast, p5THBD mutant embryos display two prominent motor axonal defects: exit from the spinal cord at ectopic positions (14% of hemisegments, n = 1208 hemisegments), and formation of peripheral branches (42%, n = 1208 hemisgements, Fig. 1B) , which are never observed in 24 hpf wild-type embryos. Analysis of p5THBD embryos using various markers indicative of motor neuron specification (islet1, islet2; data not shown), myotome development (slow myosin heavy chain), somite polarity (engrailed), as well as for extracellular matrix components (CSPG), revealed no significant defects in any of these structures when compared to wild-type embryos (Fig. S1) . Moreover, at 120 hpf p5THBD mutants inflate their swim bladder and are indistinguishable from their wild-type siblings. However, p5THBD mutants fail to survive to adulthood, suggesting that p5THBD function is required for additional yet unknown postembryonic processes.
To determine if the p5THBD phenotype is caused by mutations in genes known to regulate axonal branching, we mapped the mutation. Standard bulk segregate analysis revealed that the p5THBD mutation maps to chromosome 24 between the simple sequence length polymorphism markers z5075 and z27195 (Fig. 1C) . Recombination mapping using additional molecular markers narrowed the genomic interval of the p5THBD mutation to a ,300 Kb region between intronic makers of the PIEZO2 and the nrp1a genes (Fig. 1C) . This region contains eight annotated open reading frames, including exons 15-17, corresponding to amino acids 778-923, of the plexin co-receptor nrp1a, and the entire open reading frame of the integrin beta 1a gene (Fig. 1D) . Sequence analysis revealed no missense or non-sense mutations in the open reading frame of the integrin beta 1a or the plexin coreceptor nrp1a. Moreover, p5THBD acts cell autonomously (see below), which is inconsistent with nrp1a being the affected gene. Sequence analysis of the open reading frames of the other six genes did reveal missense but no nonsense mutations. Mutants for any of these six genes have not been reported, and therefore we were unable to confirm or exclude if p5THBD is due to a mutation in any of these genes. Complete sequencing of the 300 kb interval will be required to definitively identify the molecular nature of the turnout gene. Since mutations in none of these eight genes have been reported in zebrafish, we named this mutant turnout p5THBD .
turnout Mutants Affect Intraspinal Motor Axon Guidance and Peripheral Branch Formation
To further define the role of the turnout gene in motor axon development, we examined the trajectories of individually labeled motor neurons. In wild-type embryos, primary motor axon outgrowth begins around 16 hpf by the sequential outgrowth of three main subtypes of primary motor neurons: Caudal Primary (CaP), Middle Primary, (MiP) and Rostral Primary (RoP) [3] . The axonal trajectories of each motor neuron subtype can be visualized by stochastic labeling using the mnx1:GFP construct, and each motor neuron subtype can be uniquely identified based on soma position within the spinal cord [20] . Importantly, analysis of markers specific for each motor neuronal subtype [21, 22] confirmed that the cell body positions of turnout mutant CaP, MiP and RoP motor neurons are unaffected (islet1, islet2; data not shown). In wild-type embryos CaP, MiP and RoP motor axons first navigate to the spinal cord exit point at the center of each hemisegment, and then pioneer into the ventral, dorsal and lateral myotome, respectively, initially without forming permanent peripheral branches ( Fig. 2A, C, E) . Overall, 24.6% (17/69) of individually labeled CaP, MiP and RoP turnout motor neurons displayed one of three intraspinal pathfinding defects. First, instead of projecting caudally towards the segmental exit point, turnout motor axons projected rostrally, and exited into the myotome through the segmental exit point in an adjacent hemisegment ( Fig. 2B, F ; n = 9/17). Second, mutant motor axons navigated properly to the endogenous exit point but then failed to exit from the spinal cord or stall shortly after exiting ( Fig. 2D ; n = 6/17). Third, mutant motor axons exited the spinal cord at ectopic, nonexit point location (Fig. 1B , open arrowhead; n = 2/17).
In the periphery, primary motor axons initially share part of their trajectory, and thus the axonal phenotype observed in turnout might reflect either a defasiculation or a branching defect. Analysis of individually labeled turnout motor neurons revealed that the abnormal peripheral axon morphology we had observed in the anti-synaptotagmin staining (Fig. 1B) , is due to branching rather than reduced axonal fasciculation (Fig. 2G, H) . Thus, in addition to controlling intraspinal motor axon guidance, the turnout gene is critical for peripheral branch morphogenesis.
The turnout Gene acts Cell Non-autonomously
To determine the biological mechanism through which the turnout gene controls motor axon guidance and branching we investigated in which cell type(s) the turnout gene functions. For this, we generated chimeric embryos by transplanting wild-type blastula cells, uncommitted regarding their cell fate and labeled with a lineage tracer, into age-matched mutant hosts, and vice versa. Analysis of the chimeras at 24 hpf revealed that wild-type derived motor neurons displayed no guidance or branching errors when transplanted into wild-type hosts (Fig. 3A , n = 20/20). In contrast, analysis of turnout mutant host embryos revealed that 50% of wild-type derived motor neurons (Fig. 3B , n = 9/18) displayed characteristic turnout-like axon branching and guidance defects, consistent with the frequency of affected hemisegments in turnout mutant embryos (56%, Fig 1) . Conversely, turnout mutant motor neurons when navigating through a wild-type host environment always displayed wild-type axonal trajectories (Fig. 3C , n = 6/6).
Together, these results demonstrate that turnout functions cell nonautonomously for intraspinal motor axon guidance and for peripheral branch morphogenesis. Given the robustness of the peripheral branching phenotype, present in 42% of all somitic hemisegments (Fig. 1B) , we next decided to examine in more detail the spatiotemporal process of motor axon branch morphogenesis.
CaP Axons Form Branches First through Bifurcation and then through Collateral Branch Formation
During development, motor axons form specific peripheral branching patterns to innervate defined muscle fibers. Individual neurons can form multiple types of axonal branches, which is particularly evident in the CaP subtype of zebrafish motor neurons. CaP motor neurons invariantly innervate a specific subset of muscle fibers in the ventral myotome [3, 23] . By 48 hpf individual CaP axons have formed a single bifurcation branch at the ventral myotome, and approximately four primary collateral branches along the distal axon shaft, leaving the initial segment of the axon devoid of branches ( Fig. 4A ) [23] . CaP branching morphology has been shown to be conserved between body segments, between individual animals, and to persist into adulthood [3, 24] , yet the dynamic process by which the bifurcational and collateral branches form has not been examined in live, intact animals.
To examine the dynamics of branch formation in live, intact zebrafish, we performed live cell imaging of individual CaP axons, stochastically labeled with a combination of cytoplasmic (mnx1:GFP) and membrane-tagged GFP (mnx1:mCD8-GFP) [20, 25] . Based on previous studies [3, 23, 24] , we decided to image the emergence and location of axonal protrusions between 22 and 38 hpf. Between 22 and 30 hpf axonal protrusions up to 15 mm in length emerged along the axon shaft (Fig. 4B, C) . These protrusions were transient and persisted for less than 90 minutes, consistent with previous reports that CaP axons do not form stable branches before reaching the ventral extent of the myotome, around 28-30 hpf (Fig. 4B, C) [23] . Once CaP growth cones reached the ventral extent of the myotome, they formed a characteristic bifurcation 72.9+/25.2 mm from the cell body, with one branch turning caudally (Fig 4A, D, E) , and a second branch turning rostrally towards the segmental border, eventually projecting dorsally to innervate the myoseptal boundary [26] [27] [28] .
Beginning at 30 hpf, we detected the formation of the first stable CaP axons collateral branches, defined as protrusions along the axon shaft greater than 5 mm, that persist for longer than two hours (Fig. 4D) . Over the course of our analyses, up to 5 days post fertilization, these protrusions were never observed to retract, and formed permanent stable branches. Thus, we used these criteria to predict when a protrusion will develop into a stable permanent branch. By 38 hpf, individual CaP axons had developed approximately three collateral branches, and by 48 hpf they formed 4.9+/20.4 branches (n = 11; Fig. 4D , E, J, K). Importantly, collateral branches were only added to the distal portion of the axon shaft, resulting in a 'branch free' zone between the cell body and the first branch (Fig. 4A, D, E) . Thus, CaP axons develop stereotypic and stable peripheral branches through a series of precisely timed and spatially restricted branching events.
turnout Regulates CaP Axon Collateral Branch Morphogenesis
To determine if bifurcation and/or collateral branching is affected in turnout mutants, we examined the onset and locations of CaP axonal protrusion using live cell imaging, as outlined above. Both the location and the timing of growth cone bifurcation, which gives rise to the first axonal branch, was indistinguishable between wild-type siblings and turnout mutant CaP axons (arrows in Fig. 4C , D, E, G, H, I; quantified in Table 1 ), demonstrating that turnout is dispensable for CaP bifurcational branching. In contrast, collateral branch formation was severely affected in turnout mutants. Unlike wild-type sibling CaP axons, which are devoid of collateral branches prior to 30 hpf, turnout mutant CaP axons developed 2.1+/20.2 stable axonal branches between 22 and 30 hpf (n = 10; Fig. 4F , G, J). Over the next 8 hours, the formation of new collateral branches plateaued (Fig. 4H, I , K), and by 48 hpf the total number of turnout mutant collateral branches was the same as in wild-type siblings (wild-type = 3.6+/20.3 branches, n = 12; turnout = 3.8+/20.4 branches, n = 12).
To further explore how turnout controls peripheral branch formation, we asked whether turnout influences branch location. In turnout wild-type siblings the most proximal branch forms indistinguishable from those in wild type embryos, along the distal portion of their axons (1.0+/20.05 relative to the average in wild-type axons, Fig. 4A , L; n = 10). In contrast, turnout mutant CaP axons formed collateral branches at significantly more proximal locations, the most proximal branch was 0.77+/20.07 of the distance relative to average (Fig. 4L, n = 13 ). Thus, turnout is dispensable for controlling CaP bifurcation and regulating the total number of axon branches, but plays a specific role in controlling when and where collateral branches form.
The Plexin A3 Guidance Receptor Regulates CaP Collateral Branch Formation
We had previously reported on the isolation of presumptive null mutations in the plexin A3 guidance receptor [18] . At 24 hpf, plexin A3 mutants display intraspinal motor axon guidance defects, as well as excessive peripheral motor axon branching, however its specific role in controlling branching had not been examined [20] . The similarity of the overall motor axonal defects between turnout and plexin A3 mutants prompted us to examine in more detail the role of plexin A3 during collateral branch morphogenesis. Live cell analysis to determine the onset and locations of CaP axonal protrusion in plexin A3 mutants revealed dramatic defects in collateral branch formation. Similar to turnout mutants, CaP axons formed ectopic and precocious, permanent branches, almost immediately after exiting from the spinal cord (Fig. 5A-D, E-H) . By 30 hours of development plexin A3 CaP axons had formed on average 2.7+/20.4 branches (n = 14; Fig. 5I ), in the proximal portion of the axon (Fig. 5E, F) . Between 30 and 38 hpf, when collateral branch formation occurs in wild-type CaP axons, branching declined in plexin A3 mutants resulting in equal numbers of permanent collaterals formed by 48 hpf (Fig. 5G , H, J; quantified in Table 1 ). Additionally, collateral branches formed significantly more proximal to the cell body relative to wild-type ( Fig. 5K ; quantified in Table 1 ). In contrast, the timing and position of bifurcational branching was unaffected in plexin A3 mutants (Table 1) . Thus, similar to turnout, plexin A3 is dispensable for CaP bifurcation and for regulating the total number of axonal branches, but plays a critical role in controlling when and where collateral branches form. Given the very similar defects in CaP collateral branch morphogenesis, we asked whether plexin A3 and turnout function in a common genetic pathway. However, embryos heterozygous for both plexin A3 and turnout did not display branching defects (data not shown), providing no conclusive result as to whether both genes act in a common or in parallel pathways.
turnout and plexin A3 Control Branching by Stabilizing Short-lived Axonal Protrusions
Axonal branching is a highly regulated cellular process that is the result of the frequency by which protrusions are generated, their growth rate, and the rate by which they become stable branches. Given the branching phenotype observed in turnout and plexin A3 mutants, one possible mechanism by which these genes might regulate collateral branch morphogenesis is by suppressing the initiation of axonal protrusions during the time period when the growth cones still traverses the ventral myotome. Alternatively, turnout and plexin A3 might function to suppress the transition of transient protrusions into stable branches during this time period. To determine which aspects of branch formation plexin A3 and turnout regulates, we used live cell imaging and measured the initiation frequency of transient protrusions (.5 mm in length), their locations, and the transition rate of protrusions into stable branches. As outlined below, both plexin A3 and turnout promote the formation of transient axonal protrusions, while they also suppress the transition from early protrusions to stable branches.
Specifically, between 22 and 30 hpf, individual CaP axons in plexin A3 wild-type siblings (n = 12) or turnout wild-type siblings (n = 12) form a total of 60.9+/28.3 and 53.5+/24.5 protrusions, respectively, at a rate of 8.6+/21.2 and 7.4+/20.7 protrusions per hour, respectively (Fig. 6 A-K) . In wild-type, these protrusions are transient, and the majority of these protrusions, 91.4+/21.2% for plexin A3 wild-type siblings and 91.0+/21.5% for turnout siblings, have a lifespan of less than 30 minutes (Fig. 6A, yellow  protrusions) . In contrast, both plexin A3 and turnout CaP axons form significant fewer protrusions (plexin A3:34.1+/23.0 p,0.005; turnout: 22.4+/23.1, p,0.005), due to significantly reduced rates of 3.8+/20.16 (n = 12) and 4.2+/20.5 (n = 9) of protrusions per hour, respectively (Fig. 6D-K) . Thus, despite the formation of stable, ectopic collateral branches in plexin A3 and turnout mutants, the rate with which transient axonal protrusions are initiated is reduced, suggesting that both genes function to promote the initiation of transient axonal protrusions while suppressing stable branch formation. Importantly, neither plexin A3 nor turnout mutants displayed defects in the location of these transient protrusions (Fig. 6L) .
Finally, we examined the fraction of early protrusions that eventually developed into permanent branches. In CaP axons of plexin A3 and turnout wild-type siblings, an average of 4.6+/ 20.8% (n = 12) and 5.0+/20.5% (n = 12) of all protrusions (.5 mm in length) developed into permanent branches, respectively. In contrast, plexin A3 CaP axons displayed a 2.8 fold increase in the percentage of protrusion that transitioned into permanent branches (12.9+/22.1%, n = 12; p,0.005, Fig. 6M ). Similarly, turnout mutant CaP axons exhibited an almost 2 fold increase of protrusion that transitioned into permanent branches (9.7+/21.4%, n = 9; p,0.005, Fig. 6M ). Thus, both plexin A3 and turnout also function to suppress the transition from early protrusions to stable branches. Combined, our analyses show that plexin A3 and turnout modulate two aspects of collateral branch formation between 22 and 30 hpf, when CaP growth cones pioneer into and through the ventral myotome. First, both genes promote transient axonal protrusions, which might aid in growth cone guidance. Consistent with this, plexin A3 and turnout mutant CaP axons display guidance defects (Fig. 2) [20] . Second, plexin A3 and turnout suppress precocious and ectopic branch formation by destabilizing transient protrusions, thereby ensuring that collateral branches form only after the growth cone has traversed the myotome, and only in the distal portion of the axon shaft. Thus, live cell imaging reveals a specific role for plexin A3 and turnout regulating axonal protrusions.
Discussion
The in vivo mechanisms that regulate when and where axons generate protrusions, extend them and then convert them into stable branches is not well understood. Taking advantage of its amenability for genetic approaches and live cell imaging of individual neurons, we focus here on an identified motor neuron, CaP, to identify genes and mechanism that regulate its intricate axonal branching pattern. Our results reveal that CaP axons develop stereotypic and stable peripheral branches through a series of precisely timed and spatially restricted branching events. Moreover, we identify two genes, turnout and plexin A3 that are dispensable for controlling CaP bifurcation Table 1 . Quantification of axon branching defects in turnout and plexin A3 mutants. Proximal protrusions were scored if they were located between the cell body and the horizontal myoseptum; distal protrusions were scored if they were located between the horizontal myoseptum and the growth cone. and regulating the total number of axon branches, and instead play specific roles in controlling when and where collateral branches form. Finally, we find that both genes have two apparently opposing effects during collateral branch formationpromoting transient axonal protrusions while destabilizing transient protrusions. We propose that both genes contribute to a mechanism that balances a migrating axon's requirements to promote transient axonal protrusions critical for growth cone motility while suppressing precocious and ectopic branch formation to ensure that collateral branches only form when and where they are appropriate.
The turnout Mutation Affects Motor Axon Guidance and Collateral Branching
We mapped the turnout locus to a ,300 Kb region containing eight annotated open reading frames, however, none of these genes harbored nonsense mutations in the DNA and mRNA isolated from turnout mutants (Fig. 1) . Based on chimera analyses (Fig. 3) , we predict the turnout gene to be dispensable in motor neurons and instead function in the embryonic environment. This would eliminate most of the eight genes and might favor integrin beta 1a as the candidate gene for turnout. Traditionally, beta integrins are thought to function cell autonomously within neurons and to bind to ECM components, such as laminin or tenacin-C, thereby mediating axon outgrowth [29] [30] [31] . However, integrins have recently also been shown to function non cell-autonomously for motor axon guidance. For example, the muscle specific, but not the motor neuron specific, knockout of integrin beta 1 causes spinal motor axons overshoot their target muscle and to branch excessively [32] , somewhat reminiscent of the turnout phenotype. In zebrafish, integrin beta 1a mRNA is expressed between 2 and 96 hpf, and thus during the time period of motor axon guidance and branching [33] , however, its spatial expression pattern has not been examined. Given that missense and nonsense mutations are absent in turnout integrin beta 1a mRNA, it is possible that the turnout phenotype is due to a mutation in non-coding, regulatory regions of the gene, causing altered gene expression. Future studies, starting with complete sequencing of the 300 kb interval will be required to definitively identify the molecular nature of the turnout gene.
plexin A3 Regulates the Timing and Location of Motor Axon Collateral Branches
In vivo time-lapse microscopy has proven invaluable in revealing critical steps during axon and dendritic branch morphogenesis, revealing for example how contact mediated repulsion is predominantly responsible for the spatially self organizing branching of trigeminal axon arbors [34] . Using time-lapse microscopy of individual CaP motor neurons in vivo, we find that the guidance receptor plexinA3 regulates the timing and location of collateral axon formation, without affecting total branch number (Fig. 5) . plexin A3 belongs to a family of neuronal receptors that mediate semaphorin signaling to regulate axonal guidance but also synapse formation and axonal pruning [35] . For example, mouse embryos lacking plexin A4 or plexin A3 and plexin A4 exhibit extensive defasciculation and sprouting of cranial and spinal nerves, and overshooting of ophthalmic nerve fibers [36, 37] . At post-natal ages, Plexin A3 and Plexin A4 receptors mediate elimination of synaptic complexes and axonal pruning [38, 39] .
Recently, Plexin A receptor function has also been shown to act specifically in shaping axonal branching morphology of Drosophila mechanosensory neurons [40] . There, RNAi mediated reduction of plexinA increased the axonal arbor complexity by increasing branch length and the total number of branches, without an apparent change in branch location. In contrast, we find that zebrafish CaP motor axons lacking plexin A3 exhibit a change in branch location without alterations in the total number of branches (Fig. 5) . Interestingly, such change in branch morphology, independent of changes in total branch numbers, is observed in cultured hippocampal neurons lacking kinesin 2A [41, 42] . There, cultures neurons exhibit increased collateral length without altering the total number of branches, and in vivo single cell labeling of the kinesin 2A hippocampal neurons revealed branches along ectopic axonal locations [41, 42] . Independent of the precise mechanisms by which Plexin A3 regulates branch morphogenesis, our studies provide compelling evidence that, at least in zebrafish motor neurons, mechanisms that regulate branch location can act independently of those controlling total branch number.
Analysis of CaP branch morphogenesis in plexin A3 mutants reveals that collateral branches form at ectopic positions as they begin to form immediate after CaP axons exit the spinal cord and traverses the ventral somite. Our data is consistent the idea that where collateral branches form is determined by the spatially restricted expression of semaphorin ligands along the path of the CaP axon towards the ventral somite. In fact, several sema3 ligands, including sema3aa are expressed in the myotome [43] . In wild-type CaP axons this plexin A3 dependent mechanism ensures that collateral branching only occurs once the growth cones reaches the ventral extent of the somite, leading to the formation of collateral branches restricted to the area adjacent to the growth cone. In contrast, loss of semaphorin sensitivity in plexin A3 mutant CaP axons results in the production of collateral branches as soon as the growth cones begin to migrate though the somite (Fig. 5) .
Finally, loss of semaphorin sensitivity in plexin A3 motor axons might also account for axonal guidance defects. In fact, we had previously shown that during their intraspinal migration, plexin A3 acts cell autonomously to direct RoP and MiP motor growth cones towards the segmental exit point, and proposed that this is due to repulsive plexin A3 signaling, possibly triggered by semaphorins secreted from the posterior somite territory [20] . Although it is tempting to speculate that different semaphorin ligands might control growth cone guidance and branch morphology via a common plexin A3 receptor, identification of the relevant ligands and the relevant downstream signaling pathways is required to determine if and to which extent the processes of plexin A3 dependent guidance and branching overlap.
turnout and plexin A3 Induce Axonal Protrusions while Inhibiting Branch Formation Use of time-lapse microscopy in cell culture has revealed a stepwise progression of protrusion formation, extension and stabilization leading to the development of a mature axon branch [44] . Our analyses demonstrate that while wild-type CaP motor axons traverse the ventral myotome they form many short-term protrusions, but no branches (Fig. 1) . Once the first collateral branches begin to form, the number of these short-lived protrusions decreases (Fig. 6) . In turnout and plexin A3 mutants, protrusions form at a significantly lower rate, resulting in fewer short-term protrusions, while protrusions are more likely stabilize into branches (Fig. 6) .
These data indicate a dual role for turnout and plexin A3 to encourage the formation of short-term protrusions while suppressing stable branch formation. One possibility for this seemingly contradictory data is that during axon outgrowth, CaP motor axons are in an exploratory state, where it is beneficial to generate more plexinA3 and turnout dependent, short-term membrane protrusions, critical for proper growth cone navigation. Consequently, loss of plexin A3 or turnout leads to significant motor axon guidance defects (Fig. 1) [20] . At the same time, more plexin A3 and turnout also inhibit the transition of membrane protrusions to stable branches, thereby ensuring that collateral branches only form once the growth cone has traversed the ventral myotome. Thus, our data reveals a CaP motor neuron intrinsic role for plexin A3 and an extrinsic role for turnout in regulating the formation of membrane protrusions and in regulation their stability.
How does PlexinA3 signaling regulate the formation of membrane protrusions and their stability? Exposure of Semaphorin 3A to cultured hippocampal neurons inhibits the formation of new protrusions and destabilizes branches [14] , only partially consistent with the defects we observe in plexin A3 mutant CaP axons. While the relevant signaling events downstream of plexin signaling that mediate axonal branching are currently unknown, it is well documented that plexin signaling at the growth cone leads to actin depolymerization through several mechanisms, either directly through proteins such as MICAL or indirectly through activation of Rho family GTPases, key regulators of the actin cytoskeleton [45] [46] [47] . Whether similar downstream effectors regulate plexin A3 dependent branch morphogenesis is an important question that will be the focus of future experiments.
Materials and Methods
Ethics Statement
All experiments were conducted according to an Animal Protocol fully approved by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC) on 4-06-2010, protocol number 801067. Veterinary care is under the supervision of the University Laboratory Animal Resources (ULAR) of the University of Pennsylvania.
Fish Maintenance and Breeding
All experiments were performed with the turnout p5THBD and plexin p55emcf alleles. All wild-type fish were from either the Tübingen (Tü),Tupfel Long-Fin (TLF) or AB background. The turnout mutation was generated in an ENU mutagenesis screen in a mixed AB/Tü background as reported by [18] .
Immunohistochemistry
Embryos were fixed and stained as previously described in [48] . The primary antibodies and dilutions they were used at are as follows: znp-1 (1:200, DSHB), SV2 (1:50, DSHB), ZN12 (1:50, DSHB), F59 (1:20, DSHB), 4D9 (1:2, DSHB), 3A10 (1:50, DSHB), JL8 (1:100,Clontech). Antibodies were visualized with corresponding Alexa-Fluor-488 or Alexa-Fluor-594 fluorescently conjugated secondary antibodies (1:400; Molecular Probes, Eugene, OR). Embryos were mounted in Vectashield (Molecular Probes) and imaged with a Zeiss 510 confocal microscope.
Single Cell Labeling
Embryos were injected with mnx1:GFP plasmid DNA (previously hb9:GFP) [49] alone, or in combination with mnx1:mCD8-GFP [25] at the single cell stage, and allowed to develop to 24 hpf. At this stage, they were fixed, and stained with the SV2 antibody as outlined above. To distinguish between the individual classes of motor neurons (CaP, MiP, RoP) we determined the ratio of the distance between exit points (a), and between the center of the soma and the endogenous exit point (b) as previously described in [20] . The ratios (a:b) for wild-type CaP/VaP motor neurons were always less than 0.1, for MiP (0.2-0.45) and RoP (0.3-0.62). Because of the slight variability in the positions of MiP and RoP motor neuron somas, only clearly categorized mutant motor neurons were scored. Motor neurons for with a ratio between 0.2-0.4 were scored as MiP, and ratios greater than 0.5 scored as RoP.
Time Lapse Microscopy
Wild-type and mutant embryos transiently expressing the mnx1:GFP and mnx1:mCD8-GFP plasmids were anesthetized in 0.02% tricaine and embedded in 1.5% low-melting-point agarose. We only imaged motor axons projecting into somite 6-14 to minimize the developmental wave along the rostro-caudal axis. Time-lapse analysis was carried out on a spinning disk confocal microscope using a 63X water immersion lens equipped with a 28C environmental chamber. At 15-minute intervals, z-stacks of ,30 mm were captured using Slidebook (3i) and then flattened by maximum projection. Images were further processed by adjusting the gamma levels using ImageJ and highlighting axon branches in Adobe Photoshop.
Chimeric Analysis
Chimeric embryos were generated and analyzed as previously reported in [50] . Wild-type donor cells were from Tg(mnx1:GFP) transgenic embryos.
Molecular Genetic Mapping
To map the turnout p5THBD mutation, phenotypically mutant embryos were first identified using SV2 antibody staining, and their genomic DNA isolated. The mapping procedure was performed as described in [51] using the following forward and reverse primers z5075:59-TGTGTTGTCTGATATGCCCACA39and 59-TGCAAAAAGCCTCTAAGTGCCG-39; CA447:59-TTCACACACAGATCCTGCTA-39 and 59-TTTTCAGTCCTTCAGAGAGC-39; PIEZO2 intron 59-CAG-TACGCTGATATGGATGA-39 and 59-ACATGGACACTGA-CAATCCT-39;nrp1a intron: 59-TCTAACGAA-GAGCTGTCCTC-39 and GGCAGGATGACATGATAACT; z27195:59-GCAGATCCGGATGGAGTTTA-39 and 59-CA-CAGAATAGGCGTGGCTAA-39. The amplification products were gel extracted, sequenced and then analyzed using Sequencher software. 
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